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The effects of magnetic field annealing on the properties of Fe48 Co52 alloy nanowire arrays
with various interwire distances (Di =30-60 nm) and wire diameters (Dw =22-46 nm) were
investigated in detail. It was found that the array’s best annealing temperature and crystalline structure did not show any apparent dependence on the treatment of applying a 3 kOe
magnetic field along the wire during the annealing process. For arrays with small Dw or with
large Di , the treatment of magnetic field annealing also had no obvious influence on their
magnetic performances. However, such a magnetic field annealing constrained the shift of
the easy magnetization direction and improved the coercivity and the squareness obviously
for arrays with large Dw or with small Di . The difference in the intensity of the effective
anisotropic field within the arrays was believed to be responsible for this different variation
of the array’s magnetic properties after magnetic field annealing.
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work, we studied the influences of the magnetostatic
interaction between nanowires and the annealing treatment on the final magnetic performance of the FeCo
alloy nanowire array in detail [21,23,24]. It was found
that annealing in hydrogen atmosphere can improve the
magnetic properties of the arrays with weak magnetostatic interaction obviously and the best annealing
temperature for FeCo alloy nanowire array is 550 ◦ C.
Through regulating the wire diameter Dw and the interwire distance Di , the highest reported coercivity Hc
and squareness Mr /Ms for nanowire arrays were finally
obtained in the annealed Fe48 Co52 array with Dw of
about 22 nm and Di of about 50 nm [23].
It is well known that the magnetic field is a powerful
physical factor which has great influence on materials’
properties. Its application to improve the microstructure and the performance of the material has become
more and more popular in recent years [28,29]. But
to the best of our knowledge, no report about FeCo
alloy nanowire array annealed in a magnetic field
has been published yet. In this work, we selected
the Fe48 Co52 alloy nanowire arrays fabricated by AC
electrodeposition as the objects of study. A magnetic
field of 3 kOe was applied along the wire during the
annealing process. The influences of the magnetic field
annealing on the crystalline structure and the magnetic
properties of the Fe48 Co52 alloy nanowire array were
studied in detail.

I. INTRODUCTION

Artificial magnetic nanowire arrays have attracted
much attention in recent years due to their potential
application for high density recording media and multifunctional sensors [1-3]. Template methods, which have
low cost and high yield, are usually adopted to synthesize these nanowire arrays. Electrodeposition of highly
ordered uniform nanoarrays into an anodic aluminum
oxide (AAO) template is one of the most popular methods due to its simple operation and inexpensive apparatus. Generally, it consists of two types: the alternating
current (AC) electrodeposition and the direct current
(DC) electrodeposition. The former one is simpler and
amenable to industrial scale processing because it requires fewer processing steps, such as removing the aluminum substrate and the alumina barrier layer [4]. It
has been used to fabricate many magnetic nanowire arrays, including Fe, Co, Ni, NiPb, FeNi, CoPt, FePb,
FeCo, and FeCoNi, etc. [5-14]. Among these nanowire
arrays, the FeCo array has attracted much attention in
the past five years due to the following properties of
FeCo alloy: good antioxidant ability, low-temperature
coefficients of coercivity and remanence, high Curie
temperature, and the highest saturation magnetization
in transition metals and alloys [15-27]. In our previous
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Lakeshore, Model 7300 series) at the room temperature.

A. Preparation of AAO templates

Highly ordered AAO templates were prepared, as described previously, by anodic oxidation of 99.999% pure
aluminum foils in sulfuric acid solution via a two-step
anodizing process [30,31]. Before the anodization, the
aluminum foils were firstly degreased in acetone and annealed at 500 ◦ C in hydrogen atmosphere for 2 h. Then,
the annealed aluminum foils were polished in a mixed
solution of ethanol and choric acid (HClO4 ) under a
constant current of 1 A for 2 min. As the first step
of the anodization, the polished aluminum foils were
anodized at different voltages (10-25 V) in 0.3 mol/L
H2 SO4 at 0 ◦ C for 10 h to get different interpore distances (30-60 nm). The formed alumina was then removed by a mixture of 0.4 mol/L H3 PO4 and 0.2 mol/L
H2 CrO4 at 60 ◦ C for 10 h, and the aluminum sheet was
reanodized under the same conditions as the first step
for 4 h. To get different pore diameters (22-46 nm), the
templates were etched in 0.3 mol/L H3 PO4 at 30 ◦ C for
various time (0-20 min).

B. Preparation of annealed FeCo alloy nanowire arrays

Nanowire arrays with various Di (30, 40, 50, 60 nm)
and Dw (22, 26, 32, 40, 46 nm) were prepared by
AC electrodepositing FeCo alloy into the formed AAO
templates. The electrodeposition was carried out in
an electrolyte consisting of 0.095 mol/L FeSO4 ·7H2 O,
0.125 mol/L CoSO4 ·7H2 O, 0.6 mol/L boric acid, and
1 g/L ascorbic acid at a pH value of about 4.0. The voltage and the frequency used in electrodeposition were
16 V and 50 Hz, respectively. Lengths L of nanowires
within different templates were kept the same as about
2 µm by controlling the deposition time.
All the as-deposited samples, comprising the FeCo
alloy nanowires and the AAO templates, were cut into
two equal parts and divided into two groups, Group M
and Group H. Both groups were then annealed at temperatures ranging from 390 ◦ C to 590 ◦ C in hydrogen
atmosphere for 30 min. During the annealing process, a
magnetic field of 3 kOe was applied in the direction parallel to the wire axis for the arrays of Group M, while
the arrays of Group H were annealed without applying
any magnetic field.

III. RESULTS AND DISCUSSION

As reported previously, highly ordered FeCo alloy
nanowire arrays with various Di and Dw can be prepared by the above-mentioned method [23,24]. For all
the annealed arrays, the atomic ratio of Fe and Co investigated by ICP is close to 48:52. To study the effects
of applying a 3 kOe magnetic field along the wire during the annealing process on the array’s magnetic performance, the Fe48 Co52 alloy nanowire arrays of Group
M, which were annealed at temperatures ranging from
390 ◦ C to 590 ◦ C, were firstly selected for study. It was
found that with the annealing temperature increasing,
the coercivity Hc and the squareness Mr /Ms for all the
annealed arrays had the same variation tendency. As
an example, Figure 1 shows Hc and Mr /Ms of the array with Dw of about 22 nm and Di of about 50 nm
as a function of the annealing temperature. It should
be noted here that Hc and Mr /Ms shown in this figure
were measured with the applied magnetic field parallel to the wire axis. It is obvious that both Hc and
Mr /Ms increase firstly and then decrease with the annealing temperature increasing. The enhancement of
Hc with the annealing temperature increasing can be
attributed to the increases of the saturation magnetization Ms and the crystallite size [21]. Because the arrays
were annealed in the hydrogen atmosphere, the diffusion
of Al into nanowire at high temperature, not the oxygenation of the nanowire [16,21], is believed to be the
very reason for the deterioration of Hc with the annealing temperature increasing further. From Fig.1, we can
also see that 550 ◦ C is the best annealing temperature,
at which both Hc and Mr /Ms reach their maximums.
This is similar to the situation of annealing FeCo alloy
nanowire arrays without applying a magnetic field [21].

C. Characterization

X-ray diffraction (XRD, D/Max-RA with Cu Kα radiation) and an induction-coupled plasma spectrometer (ICP, Jarell-Ash, J-A1100) were used to investigate the crystalline structure and the composition of
nanowire arrays, respectively. Magnetic properties were
measured by a vibrating sample magnetometer (VSM,
DOI:10.1088/1674-0068/22/01/82-86

FIG. 1 Coercivity Hc and squareness Mr /Ms for Fe48 Co52
alloy nanowire arrays (Group M) annealed at temperatures
ranging from 390 ◦ C to 590 ◦ C. Both Hc and Mr /Ms were
measured with the applied magnetic field along the wire.
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For the Fe48 Co52 alloy nanowire arrays described in
Fig.1, their XRD patterns were shown in Fig.2. It can
be seen that all the arrays have a body-centred-cubic
(bcc) structure and preferred (110) orientation along
the axis of the wire. The patterns are similar to those
of the Fe48 Co52 alloy nanowire arrays annealed in hydrogen atmosphere without applying any magnetic field
[23,24]. Here, we should note that this also holds true
for all the other arrays discussed in this work. Obviously, applying a 3 kOe magnetic field during the annealing process and the variation of the annealing tem-

FIG. 2 XRD patterns of Fe48 Co52 alloy nanowire arrays
(Group M) annealed at temperatures ranging from 390 ◦ C
to 590 ◦ C.

FIG. 3 Normalized hysteresis loops for the annealed arrays
of (a)-(e) Group H and (f)-(j) Group M with the measuring
magnetic field parallel (//, solid square) and perpendicular
(⊥, hollow circle) respectively to the wire axis. The interwire
distances Di of the arrays are about 50 nm. All the arrays
were annealed at 550 ◦ C.
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perature does not have any apparent influence on the
crystalline structure of the arrays. According to the previous reports, the array’s crystalline structure mainly
depends on its composition [13,19,20].
To study the influences of the magnetic field annealing on the arrays’ magnetic performance, we also
compared the magnetic properties for the annealed
Fe48 Co52 alloy nanowire arrays with different Dw and
Di of Group M with those of Group H. Here, the arrays
annealed at 550 ◦ C were selected as the studying objects. The normalized hysteresis loops of the annealed
arrays with fixed Di (50 nm) and various Dw (22-46 nm)
and with fixed Dw (22 nm) and various Di (30-60 nm)
are shown in Fig.3 and Fig.4, respectively. It can be
seen that for the arrays of both groups, with Dw increasing or Di decreasing, the hysteresis loop measured with
the applied magnetic field along the wire (parallel direction, //) becomes narrower and sheared, the easy magnetization direction gradually changes from the wire
axis to the direction perpendicular to the wires (perpendicular direction, ⊥), and the saturation field Hs in
the parallel direction increases while Hs in the perpendicular direction decreases. All these phenomena can be
mainly attributed to the increase of the magnetostatic
interaction between the wires with Dw increasing or Di
decreasing [23,24]. From these two figures, we can also
see that applying a 3 kOe magnetic field along the wire
during the annealing process constrains the easy magnetization direction shifting from the parallel direction
to the perpendicular direction for the annealed arrays
with Dw more than 40 nm or with Di less than 40 nm.
To show the influence of the magnetic field annealing

FIG. 4 Normalized hysteresis loops for the annealed arrays
of (a)-(d) Group H and (e)-(h) Group M with the measuring
magnetic field parallel (//, solid square) and perpendicular
(⊥, hollow circle) respectively to the wire axis. The wire
diameters Dw of the arrays are about 22 nm. All the arrays
were annealed at 550 ◦ C.
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FIG. 5 (a) Coercivity Hc and (b) squareness Mr /Ms measured along the wire for the annealed arrays of Group H
(hollow square) and Group M (solid square) as a function
of the wire diameter Dw . The interwire distances Di of the
arrays are about 50 nm. All the arrays were annealed at
550 ◦ C.

FIG. 6 (a) Coercivity Hc and (b) squareness Mr /Ms measured along the wire for the annealed arrays of Group H
(hollow square) and Group M (solid square) as a function
of the interwire distance Di . The wire diameters Dw of the
arrays are about 22 nm. All the arrays were annealed at
550 ◦ C.

on the magnetic properties of Fe48 Co52 alloy nanowire
arrays more clearly, we exhibit the comparison of Hc
and Mr /Ms measured along the wire for the annealed
arrays of Group M and Group H in Fig.5 and Fig.6.
Here, Figure 5 shows Hc and Mr /Ms of the arrays
with fixed Di (50 nm) and various Dw (22-46 nm),
and Figure 6 shows those of the arrays with fixed Dw
(22 nm) and various Di (30-60 nm). It can be seen that
for the arrays with Dw less than 32 nm or with Di more
than 40 nm, Hc and Mr /Ms of Group M are almost the
same with those of Group H. However, Hc and Mr /Ms
for the arrays with Dw more than 40 nm or with Di less
than 40 nm are improved obviously by applying a 3 kOe
magnetic field along the wire during the annealing process and their growths increase with Dw increasing or
Di decreasing.
As reported previously, within a FeCo alloy nanowire
array with large aspect ratio, the shape anisotropic field
of the individual wires induces the magnetic moments
parallel to the wire axis, while the magnetostatic interaction between the wires tends to reverse the magnetic moments [23,24]. The competition of the shape
anisotropic field and the magnetostatic interaction field,
usually simplified as an effective anisotropic field, is considered to be the main factor that determines the array’s magnetization behavior in an external magnetic
field [32,33]. Because applying a magnetic field along
the wire during the annealing process also helps the
magnetic moments align along the wire axis, it has a
similar effect on the array’s magnetic properties as the
shape anisotropic field . Therefore, it can improve the
magnetic performance of the array with a weak effective
anisotropic field obviously. But for the array possessing a very strong effective anisotropic field, the effects
caused by the magnetic field annealing are usually too

tiny to be noticed. Based on these explanations, we
can deduce that the arrays with Dw less than 32 nm or
with Di more than 40 nm possess a very strong shape
anisotropic field and a relatively weak magnetostatic
interaction field. As proved by the arrays’ good hard
magnetic properties (Hc >3.23 kOe, Mr /Ms >0.85), this
results in a strong effective anisotropic field which induces most magnetic moments aligned along the wire.
Therefore, applying a 3 kOe magnetic field along the
wire could not enhance the magnetic properties of the
annealed arrays noticeably. To further improve the
magnetic performances of these arrays, increasing the
magnetic field for annealing should be an effective way.
For the arrays with Dw more than 40 nm or with
Di less than 40 nm, although the shape anisotropic
fields of the individual wires are still very strong due
to their large aspect ratios (L/Dw >43), the magnetostatic interaction between the wires keeps increasing
with Dw increasing or Di decreasing. Thus, the effective anisotropic field decreases gradually with the increase of Dw or the decrease of Di . Correspondingly,
the influence of the magnetic field annealing on the magnetic properties of these arrays shows up gradually and
the enhancement of the magnetic performance becomes
more and more remarkable.
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IV. CONCLUSION

In conclusion, we studied the influence of magnetic field annealing on the properties of Fe48 Co52 alloy nanowire arrays with different interwire distances
(Di =30-60 nm) and wire diameters (Dw =22-46 nm). It
was found that applying a 3 kOe magnetic field along
the wire during the annealing process had no apparent
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effect on the best annealing temperature and the crystalline structure of the arrays, although it did affect
the magnetic properties of these arrays differently. For
the arrays with Dw less than 32 nm or with Di more
than 40 nm, applying a 3 kOe magnetic field along the
wire during the annealing process had almost no influence on their magnetic performance. But for the arrays
with Dw more than 40 nm or with Di less than 40 nm,
such a magnetic field annealing constrained the shift
of the easy magnetization direction and improved Hc
and Mr /Ms obviously. The difference in the intensity
of the array’s effective anisotropic field can be used to
explain this different variation of the array’s magnetic
properties after magnetic field annealing.
V. ACKNOWLEDGMENTS

This work was supported by the National Nature
Science Foundation of China (No.50171033), the National Key Project of Fundamental Research of China
(No.2005CB623605), and the Scientific Research Foundation for the Doctor of Hefei University of Technology
(No.035032).

[1] D. J. Sellmyer, M. Zheng, and R. Skomski, J. Phys.:
Condens. Matter 13, R433 (2001).
[2] R. Skomski, J. Phys.: Condens. Matter 15, R841
(2003).
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